Abstract. The precise mechanism through which the two estrogen receptor subtypes, ERα and ERβ, are linked to endometrial malignant progression is not fully understood. The aim of the present study was to examine their role in endometrial carcinoma cell migration, invasion and proliferation. We also explored the correlation between the ERs and phosphatidylinositol 3-kinase (PI3K)/AKT/mammalian target of rapamycin (mTOR) pathways in endometrial carcinoma cells. Using Ishikawa and KLE cells as model systems, we performed transient transfection to upregulate ERα and ERβ expression; fluorescence microscopy analysis was then employed to evaluate transfection efficiencies, RT-PCR and western blot assays were used to evaluate the mRNA and protein levels. We further examined the effects on cell migration, invasion and proliferation. We showed that ERα raised the phosphorylation levels of PI3K p85α, activated the phosphorylation of AKT and mTOR in Ishikawa and KLE cells, but ERβ had no effect on PI3K p85α phosphorylation. Moreover, the overexpression of ERs enhanced cell migration, invasion and proliferation. The effect on the activation of the PI3K/AKT/mTOR transduction cascade by ERα explains, at least in part, the enhancement on cell invasion and proliferation exerted by overexpression of ERα. This crosstalk could be taken into account in developing novel therapeutic methods by targeting the ERα and PI3K/ AKT/mTOR pathways in endometrial carcinoma.
Introduction
Endometrial carcinoma is the most common gynecologic malignancy worldwide and is increasing in frequency (1) . Most patients are diagnosed with early-stage disease when the carcinoma is confined to the uterus, which can be cured in the majority of patients with surgery, radiation or chemotherapy. However, approximately 15-20% patients develop metastasis (2) . While considerable advances have been made in the treatment of localized, organ-confined tumors, endometrial carcinoma remains incurable once it has progressed to metastasis. These patients as well as those with advanced stage or recurrent disease have poor prognosis due to limitations of effective treatment (3, 4) .
Estrogen receptors (ERα and ERβ), which mediate estrogen actions, regulate cell growth and differentiation of a variety of normal tissues and hormone-responsive tumors through interaction with cellular factors (5) . Aberrant ER expression is observed in a variety of human tumors and is frequently correlated with metastatic disease and poor prognosis. Targeting the separate ER expression in several types of cancer has suggested a possible role in the development of new therapeutic tools. Despite a growing understanding of the pathophysiology and molecular biology of estrogen receptors, how they contribute to the malignant state remains unclear. The complex biological effects mediated by ERα and ERβ involve communication between many proteins and signaling pathways. Alterations of signal transduction pathways leading to uncontrolled cellular proliferation, survival, invasion and metastases are hallmarks of the carcinogenic process (6) . Recent studies have indicated that regulation between the ER and phosphatidylinositol 3-kinase (PI3K)/AKT pathways may play an important role in the pathogenesis of human breast cancer (7); however, little is known about these two pathways in endometrial carcinoma. In addition, previous studies demonstrated that plasma membrane ERs play a crucial role in cellular signal transduction. It has been demonstrated that ER activates G-protein-coupled receptor leading to the modulation of downstream pathways (8) . The PI3K/AKT/mammalian target of rapamycin (mTOR) signaling pathway is critical for normal human physiology, and has also been found to play a fundamental role in metastasis, invasion and survival of cancer cells in several types of human cancer, including endometrial cancer (9, 10) . PI3K phosphorylates phosphatidylinositol diphosphate (PIP2) to form PIP3 which activates the oncogene AKT (6) . AKT, also known as protein kinase B, has been identified as a direct target of PI3K. Numerous studies showed Upregulation of estrogen receptor mediates migration, invasion and proliferation of endometrial carcinoma cells by regulating the PI3K/AKT/mTOR pathway that the AKT pathway is critical for cell survival, proliferation, and metastasis by phosphorylation of a number of downstream proteins including caspase-9, Raf, and p21-activated protein kinase (11, 12) . mTOR is an evolutionarily conserved serine/ threonine kinase and its inhibition may be necessary for optimally controlling cancer growth (13) . The inter-relationship between the ER and PI3K/AKT pathways is complex and is not fully understood. Research into breast cancer suggested that PI3K signaling activation may be associated with ER levels, and it was hypothesized that dual targeting of the PI3K and ER signaling pathways may be useful in a subset of patients with ER-positive tumors (14) . Despite these efforts, the exact modulations by ERα and ERβ on the PI3K/AKT/mTOR pathway in endometrial carcinoma remain unclear.
In the present study, we evaluated the possible relationship between the ER and PI3K/AKT/mTOR pathways in endometrial carcinoma cell lines. When we transfected ERα or ERβ expression vector into Ishikawa and KLE cells, cell migration, invasion and proliferation were effectively regulated. Furthermore, we showed that ERα can activate the PI3K/AKT/ mTOR pathway, whereas ERβ did not exhibit any interaction with PI3K. These findings indicate that the interaction between ERα and PI3K/AKT/mTOR pathways could play important roles in endometrial cancer metastasis and growth, suggesting a novel target pathway for treatment of endometrial carcinoma. (15) . RNA quantity and quality were assessed with NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, USA). Total RNA (1 µg) was used to prepare cDNA. cDNA synthesis was performed using Prime Script RT reagent kit (Takara, Japan) according to the manufacturer's protocol. Briefly, RNA was incubated for 5 min at 65˚C and cooled immediately on ice; reverse transcription master premix was added to a total volume of 20 µl and cDNA was systhesized for 30 min at 42˚C, followed by inactivation of the enzyme for 5 min at 95˚C, then cooled at 4˚C. PCR was performed using Prime Script RT-PCR kit (Takara) and carried out in a final volume of 50 µl containing 5 µl 10X PCR buffer, 2 µl of dNTP mixture, 0.5 µl of each primer, 0.5 µl of Takara Ex Taq HS and 5 µl cDNA. The PCR conditions were: 30 sec denaturation at 94˚C, 30 sec annealing at 60˚C, 1 min extension at 72˚C for 40 cycles. Amiplified products were electrophoresed in 2% agarose gels, and the amount in each band was quantitatively analyzed using the Image J software. Each band was normalized relative to the β-actin band in the same sample. Specific primers were: sense: 5'-CGA CAT GCT GCT GGC TAC ATC-3', antisense: 5'-AGA CTT CAG GGT GCT GGA CAGA-3' for ERα; sense: 5'-AGA GTC CCG GTG TGA AGC AAGA-3' , antisense: 5'-TGC AGA CAG CGC AGA AGT GA-3' for ERβ; sense: 5'-CAC ACA GGG GAG GTG ATA GC-3', antisense: 5'-GAC CAA AAG CCT TCA TAC ATC TCA-3' for β-actin.
Materials and methods

Cell
Real-time PCR.
Real-time PCR analyses were carried out using the Light Cycler System (Roche Diagnostics GmbH, Mannheim, Germany) as previously described (16), and were performed using SYBR Premix Ex Taq (Takara) according to the manufacturer's protocol. Analysis of mRNA expression determined by real-time PCR was defined by 2 -∆∆Ct measurements.
Western blot analysis and antibodies. Cells were lysed in RIPA buffer (Beyotime Biotechnology, China), with the addition of protease inhibitors mixture (1 mM EDTA, 1 mM PMSF, 1 µg/ml aprotinin, 1 µg/ml leupeptin, 1 µg/ml pepstatin) for 20 min on ice. Then, lysates were cleared by centrifugation at 12,000 rpm for 20 min at 4˚C. Protein concentrations were measured with the BCA Protein Assay kit (Beyotime Biotechnology). Western blot analysis was carried out as previously reported (17) . Total proteins (30 µg) were separated by SDS-PAGE on 10% gel and then transferred onto PVDF membranes (Millipore, USA) at 200 mA for 1.5 h. PVDF membranes were then placed in blocking buffer (5% non-fat milk in TBS-T) for 1 h and subsequently incubated with primary antibodies overnight at 4˚C. After washing in TBS-T three times, membranes were incubated with secondary antibodies for 1 h at room temperature. Protein expression was detected using ECL (Millipore) and bands were scanned using Image Quant LAS 4000 system (GE Healthcare). The mean density of the band was quantified using Image J. Relative target protein expression was normalized to β-actin. Primary antibodies used in this study were: ERα (1:100, ab37438, Abcam), ERβ (1:1,000, ab3576, Abcam), p-PI3K p85α (1:500, AP0153, Bioworld), AKT (1:500, AP0059, Bioworld), p-AKT (1:500, BS4006, Bioworld), mTOR (1:500 BS3611, Bioworld), p-mTOR (1:500, BS4706, Bioworld) and β-actin (1:3,000, AP0060, Bioworld). The secondary antibody was goat anti-rabbit IgG-HRP antibodies (1:20,000, BS10350, Bioworld).
In vitro migration and invasion assay. For Transwell migration assays, cells were seeded at a density of 1x10 5 per well in 100 µl FBS-free medium in the upper chambers (24-well Transwell chambers, Corning Costar, Life Sciences, MA, USA) with 8.0-µm pores. For invasion assays, briefly, Transwell inserts were coated with Matrigel (BD Biosciences, USA), and 2x10 5 cells were plated in the upper chamber. Lower wells were filled with 500 µl medium supplemented with 20% FBS to induce cell migration. After incubation for 24 h, cells that did not migrate or invade through the pores were removed by a cotton swab. The cells on the filter surface were fixed with 90% ethanol, stained with 0.1% crystal violet, and examined under a microscope. Five random x200 magnification microscopic fields were photographed, and the number of cells in each field was counted.
Cell proliferation assay. Cell proliferation was performed by Cell Counting Kit-8 (Dojindo Co., Shanghai, China) according to the manufacturer's protocol. Briefly, 24 h after transfection, 5x10 3 cells/well (100 µl/well) were seeded for five duplicates in a 96-well plate, grown in a humidified incubator at 37˚C, 5% C0 2 for proper time; after adding 10 µl WST-8 dye to each well, cells were incubated for another 2 h and the absorbance was finally measured at 450 nm using a microplate reader (Thermo Fisher Scientific).
Statistical analysis.
Results are expressed as the means ± standard deviation of at least three independent experiments. Two group comparisons were performed with Student's t-test and multiple group comparisons were performed using one-way ANOVA. Differences in P-values of <0.05 were considered statistically significant. All calculations were performed using SPSS 17.0 software.
Results
Transfection efficiency detected by fluorescence microscopy.
After transfection with a vector carrying the gene encoding green fluorescence protein (GFP) for 24 h, cell transfection efficiency was observed using the fluorescence microscope (Fig. 1) . Five random microscopic fields were photographed, and transfection efficiency (Table I) was evaluated by comparing the GFP positive cells to the total quantity cells of each field.
Gene expression levels examined by reverse transcriptase-PCR and real-time PCR.
To determine gene expression changes after transfection, we performed RT-PCR and real-time PCR assays. As expected, in Ishikawa and KLE cell lines, the ERα and ERβ gene expression levels increased significantly after transfection with ERα or ERβ expression vector compared with cells transfected with empty vector. There were no significant differences between the non-transfection group and the empty vector transfection group (Fig. 2A) . This finding was confirmed with real-time PCR analysis (Fig. 2B and C) . We also demonstrated that ERα and ERβ were both expressed in Table I . Cell transfection efficiency. p-p85α protein levels. Previous studies reported a role for ER/PI3K crosstalk in breast cancer cells and revealed that ERα interacted with the p85 regulatory subunit of PI3K (21, 22) . As there were few studies on endometrial carcinoma, our observations showed that the overexpression of ERα in Ishikawa cell lines enhanced the PI3K activity. p-p85α protein levels were strongly associated with ERα protein levels (Fig. 3A) . To confirm the results, we examined ERα negative KLE cells, after transfection with ERα expression vector and results obtained were similar to those observed in Ishikawa cells (Fig. 3C ). We also investigated a possible association of ERβ and PI3K p85α. However, no similar effects were observed between ERβ and PI3K activity.
Transfection efficiency (%) --------------------------------------------------------------------------
ERα is involved in the activation of the PI3K/AKT/mTOR signaling pathway.
To assess the influence of ERα/p85α on the PI3K/AKT/mTOR transduction cascade, we performed western blot assay to evaluate the AKT, p-AKT, mTOR and p-mTOR protein levels. As shown in our data, the phosphorylation levels of key proteins in the PI3K signaling pathway were activated after transfection with ERα expression vector; however, the levels of these proteins were unaffected in nontransfected cells and in cells transfected with empty vector or ERβ expression vector ( Fig. 4A and B) . Our findings of pathway analysis suggested that the overexpression of ERα in endometrial carcinoma cells activated the PI3K/AKT/mTOR signaling pathway.
Effects of upregulated expression of ERα and ERβ on endometrial carcinoma cell migration and invasion in vitro.
Given that the expression of ERs (ERα and ERβ) was closely correlated with oncogenesis and development of endometrial carcinoma (23), we considered whether ERs possess an important role in endometrial carcinoma cell migration and invasion. Transwell migration and Matrigel invasion assays demonstrated that ERα and ERβ both significantly increased the migration and invasion capacity of Ishikawa and KLE cells (Fig. 5) . As the oncogene AKT is critical for cell survival, proliferation, and promotes cell migration and invasion, and as ERα can activate the AKT pathway in endometrial carcinoma cell lines (shown in Fig. 4) , we considered that ERα induced cell migration and invasiveness partly through targeting the PI3K/AKT/mTOR pathway. However, the roles of ERβ in the development and metastasis of endometrial carcinoma have not been completely elucidated. Our findings demonstrated that the overexpression of ERβ enhanced cell migration and inva- sion. This finding needs to be validated in other datasets. The possible mechanism for overexpression of ERs increasing the ability of cell invasion and migration remains largely unclear, and requires further studies to be completely understood.
Effects of overexpression of ERα and ERβ on cell proliferation.
To determine the biological function of ERs in the progression of endometrial carcinoma, we sought to determine whether ERs may also affect the proliferation of endometrial carcinoma cells. As shown in Fig. 6 , upregulation of ERα resulted in an observable increase of cell proliferative activity compared with the control group. Contrary to some previous studies (24, 25) , we also found the promoted proliferation effect exerted by ERβ. Moreover, enhanced effect of cell growth was more significant after ERα transfection, as compared with cells transfected with ERβ expression vector. As AKT, a molecule related to cell cycle and proliferation, was found to be activated after ERα transfection, and no such effect was observed after ERβ transfection, it may provide an explanation for the observed results. Furthermore, these results indicated that the AKT pathway was both a molecular and a biological functional target for ERα.
Discussion
Approximately 70-80% of endometrial carcinomas are distinguished as type I carcinomas and are associated with endometrial hyperplasia, hyperestrogenism and expression of ERs (26) . ERα and ERβ are encoded by different genes, and differ markedly in the N-terminal A/B domains. The differences in the A/B domains suggest that the transcriptional activation by ERα and ERβ may play different roles in development, invasiveness and metastatic potential of carcinoma cells. To date, the basis of ER actions at the molecular level involved in endometrial carcinoma carcinogenesis is not entirely clear.
In the present study, we showed that both ERα and ERβ are linked to important biological processes such as enhanced cell invasion and proliferation in Ishikawa and KLE cell lines. This indicates that the overexpression of ERs is associated with increased endometrial carcinoma invasiveness and metastasis. Notably, ERα transfection was significantly more efficient at inducing cell invasion and growth, as compared with cells transfected with ERβ expression vector. Several studies have demonstrated that in endometrial tumors, ERα is thought to possess a major function (27, 28 ). This appears to be the case in our study. In contrast to previous studies (25, 29) , we also reported an enhancement of cell migration and proliferation exerted by ERβ. Although this information did not allow for a complete discussion of the role of ERβ in endometrial carcinoma, these data strongly indicate that ERβ could be associated with an aggressive phenotype.
The molecular mechanisms responsible for the increased invasiveness and malignant progression caused by overexpression of ERs in endometrial carcinoma remain largely unknown; however, they are likely related to their ability to mediate interactions with signal transduction pathways which play critical roles in cellular proliferation, survival, invasion and metastases. A large body of evidence has shown that ERα binds to the p85 regulatory subunit of PI3K, leading to the activation of the AKT pathway, which in turn regulates cell survival and proliferation of breast cancer (8, 30) . Then, we attempted to delineate the inter-relationship between the ERs and PI3K/AKT pathways in endometrial carcinoma cells. We performed transient transfection experiments to upregulate ERα or ERβ expression, followed by western blot analysis. We found that ERα has an important role in the PI3K/AKT/ mTOR activation. Our data showed that ERα raised the phosphorylation levels of PI3K p85α and subsequently activated phosphorylation of AKT/mTOR in Ishikawa and KLE cells, but ERβ had no effect on PI3K p85α phosphorylation. Regarded as essential characteristics for cancer progression and metastasis, cell migration, invasion and proliferation were substantially regulated by the PI3K/AKT/mTOR pathway. These interactions between ERα and PI3K may represent one mechanism for an enhancement of cell invasion and proliferation by overexpression of ERα. Unlike ERα, ERβ has been reported to show opposite effects on proliferation in breast cancer cells, and to induce proper pro-apoptotic signal transduction pathways (31) (32) (33) . However, the role of ERβ in endometrial carcinoma growth and development is not as clear and remains a topic of debate. As our study showed ERβ modulates the increased invasiveness and proliferation in endometrial carcinoma cells, we may speculate that ERβ plays different roles in endometrial and breast tumors. This needs to be validated in further studies to fully determine the contributions of ERβ to endometrial carcinoma.
Collectively, our data showed that the overexpression of ERs can enhance cell migration, invasion and proliferation abilities, increase their vitality of human endometrial carcinoma cells. The overexpression of ERα promoted phosphorylation of p85α regulatory subunit of PI3K in endometrial carcinoma cells and subsequently activated the PI3K/AKT/mTOR pathway which may represent one mechanism involved in promoting effects on cell invasion and proliferation. The results of this study may lead to possible mechanisms underlying ERα-induced invasion and proliferation of endometrial carcinoma and novel therapeutic strategies using ERα and the PI3K/AKT/mTOR pathway as a target for patients with endometrial carcinoma.
